Wearable fabrics are predominantly produced from synthetic polymer fibers derived from petrochemicals. These have negative effects on the natural environment as a consequence of the manufacturing process, insurmountable waste production, and persistence of the fibers in ecosystems. With the use of wearables worldwide set to increase exponentially, more environmentally friendly fibers are sought. Natural fibers such as spider silk are produced using proteins in a water solvent, yet they have many superior qualities to synthetic fibers. Moreover, spiders can tune their silk properties as their ecological circumstances demand it. Research focused on the biomimetic potential of spider silks with an eye on the development of smart wearable fibers is accordingly a potentially lucrative area of research. There are nonetheless major challenges associated, including recovering the original mechanical performance within the fibers developed, scaling up production, keeping the production costs of the silk building blocks to a minimum, elucidating, and understanding the different silk genome sequences, and creating precision artificial spinning processes. We outline herein a template for a working framework for a spider silk biomimetics program that can inform designers and biological researchers alike. It suggests that an objective-focused research program utilizing a cross-disciplinary toolbox of top-down and bottom-up techniques is required. We close by providing some speculative examples stemming from current activities in our laboratories.
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The way that wearable materials are currently designed and produced is not sustainable (Carr and Gibson, 2016) . Given the inevitable rise in global population and the associated expansion in wearables consumption over the next 30-50 years (Franklin, 2018) , there is an urgent need to reduce the environmental impact associated with the production of wearable fabrics across product life cycles (Le Quéré et al., 2009; Myers, 2014) .
Man-made and synthetic materials such as rayon and polyester have predominated wearable designs since the 1950's (Franklin, 2018) . These materials are primarily derived from the polymerization of petrochemical monomers, which involves high temperatures and treatments that use noxious solvents, before spinning them through syringes, valves, microspinnerets, electrospinners, or 3D printing devices (Damiati et al., 2018) . Post-spinning treatments with additional noxious chemicals is often required to dry and fix the polymers into solid fibers. The primary advantage of developing fibers this way is that vast quantities can be produced for a wide variety of purposes at a relatively low cost (Wu et al., 2017) . The problem nevertheless with creating materials this way is that it is extremely environmentally harmful due to the handling and disposal of the solvents used during spinning and fixing, and the energy input required to treat and fix the materials. The post-production environmental damage is, however, more striking. A 5 kg wash of polyester fabrics for instance releases over 6,000,000 microfibers that remain in the environment and can act as reservoirs for organic pollutants (De Falco et al., 2018) . Additionally, the mass production of materials for fastfashion results in textile wastes contributing to 5% of the world's landfill (Nguyen-Robertson and Byrne, 2019) . Furthermore, the substantial overstock of fabrics gets either burnt or contributes further to landfill. Once in landfill or drainage systems the fibers seep into soil and ocean ecosystems where they persist for 10-1,000 s of years (Szostak-Kotowa, 2004) . Even more disturbing, the fibers can become rapidly incorporated into ecological and human food webs (Browne et al., 2008) .
There is evidently a growing market for sustainable, reclaimed, organic, textiles and a renewed interest in merging traditional crafting skills with new technologies (Quinn, 2010) . Natural materials such as silks, elastin, resilin, byssus, and wool are examples of fibers derived from natural proteins, which are synthesized and secreted by animals using water as the solvent (Waite, 1992; Abascal and Regan, 2018) . Although they are made from biological macromolecules, such as polypeptides, polysaccharides, and lipids, and treated with water and air, many natural materials have superior properties on multiple measures of performance than synthetic material (Liu and Zhang, 2011) . For instance, spider dragline silk (Liu and Zhang, 2011; Blamires et al., 2017) has greater strength, elasticity, and toughness than most natural or synthetic materials ( Table 1) . Particularly important is the fact that silks are easily degraded by natural enzymes after relatively short periods of time (Gellynck et al., 2008) , removing the persistent accumulation effect associated with synthetic fibers. Accordingly, if we could replicate the production processes of these natural fibers we might be able to circumvent much of the environmental damage associated with using synthetic polymers for wearable technologies (Eadie and Ghosh, 2011; Lapidot et al., 2012) .
Despite great urgency being placed on the development of new environmentally benign materials, there have been few examples of the successful development of processes producing materials that mimic silks or other animal products (Wolff et al., 2017) . Biomimetics, or the transfer of functional principles from living systems to engineering applications offer one way forward (Sanchez et al., 2005; Pawlyn, 2011; Wegst et al., 2015; Wolff et al., 2017) .
Traditionally an engineer, or designer, might have sought a solution to a particular design problem by examining similar mechanisms in living systems. Indeed, there are examples of successful biomimetic technological processes that have this kind of top-down approach. These include the development of superhydrophobic surfaces based on the lotus leaf, and the FIGURE 1 | An overview of the components and working principals of a complete and multidiscipline biomimetics research program aiming to develop wearable technologies, and other marketable materials, based on the structures, and functions of spider silks. It shows how combining pure and applied research can produce outcomes and the distinctions between taking top down (starting at the application to search for a natural function) and bottom up (i.e., observing a function and then ask questions of its application) approaches. Examples of research from our laboratories is given for each level.
"shark skin" drag-resistant swim suit (Hwang et al., 2015) . Researchers in the biological and other sciences, nonetheless, generally solve problems using bottom-up approaches, i.e., they start by observing a function and then ask questions of its significance and application (Speck et al., 2017 ; Figure 1) . These seemingly disparate approaches can lead to disconnections between the endeavors of designers and scientific researchers and may obstruct our capacity to incorporate advanced technologies into new materials.
How might research programs grounded in pure science ever inform the development of new wearables? Flanagan (2014) advocates a "toolbox" methodology (i.e., adopting tools from different disciplines) to form successful interdisciplinary research programs. In addition to using such a methodology the various participants must clearly define their objectives and working principals if quality biomimetic outcomes are to be realized (Myers, 2014; Wolff et al., 2017) . Nevertheless, it is exceptionally difficult for biologists, engineers and designers from their various sub-disciplines to speak with each other using a common vernacular, so the capacity for researchers across the arts and sciences to communicate effectively with those from outside their respective discipline seems ill-fated at the outset. To circumvent this we establish herein a template for a spider silk biomimetics program that informs designs while remaining grounded within a biological research paradigm (see Figure 1) .
The first objective of any biomimetics research program is to identify the problems that the disparate disciplines might have in common despite approaching them from different working principals (Wolff et al., 2017) . The most common difficulty in the instance of programs intending to produce spider silk-like fibers is producing fibers with the same mechanical performance as natural silk fibers, as developing large quantities of fibers of inferior performance is somewhat futile (Bini et al., 2006; Heidebrecht and Scheibel, 2013) . Nevertheless, all fibers developed within the various laboratories have thus far not been of similar quality as naturally spun spider silks (Koh et al., 2015) ; even when complete or near complete gene or amino acid sequences had been replicated. There are obviously secretory, assembly and spinning functions that we do not fully understand and need to investigate further. There are numerous studies documenting how dragline silk performance influences the evolutionary ecology of the spider that secretes it (e.g., Blamires et al., 2012a,b; Lacava et al., 2018; Viera et al., 2019) . These studies show that spiders can tune the properties of their silks to accommodate different uses of the silk across different ecological circumstances. They thus provide a basis for bioprospecting for extremely high performing silks for biomimetics programs (Agnarsson et al., 2010) , and might be used to pinpoint the most flexible mechanical properties of a particular silk to show us how to better control property variability . Nonetheless, few studies have documented all of the relevant property variations across macroto nano scales (but see Blamires et al., 2018; Lacava et al., 2018) . A deeper exploration of this largely untapped research space will enable the development of biomimetic protocols with more precise control of property variability.
The next common problem for the development of spider silk biomimetics programs is that of scaled production. Just as we eventually moved from large-scale harvesting and processing of natural fibers like cellulose to the production of synthetic fiber materials with exceptional strength like Rayon (regenerated cellulose) and Kevlar (polyaraphenylene terephthalamide) (see Morgan, 1981) , a significant shift in paradigm is needed to move to large-scale manufacture of silk fibers. Biomimetic approaches hold promise for such a shift, as there are existing parallels between synthetic polymer fiber production and processes developed through evolutionary adaptations. For example, synthetic fibers are routinely produced by pumping highly viscous polymer melts through small spinneret openings. The polymer melts used for synthetic fibers have unique flow behavior that is also similar to spider silk precursors, as they are quite viscous when immobile but become more than 10 times thinner as they are pushed through the spinneret opening (Kojic et al., 2006; Porter and Vollrath, 2009 ). Another similarity between synthetic fiber and natural silk production is the shape of the entrance region in some natural and industrial spinnerets; both having a hyperbolic tapering that is advantageous for uniformity of flow (Lefèvre and Auger, 2016) . Clearly the engineering of such processes will need to take advantage of the expertise gained from synthetic material processes, while closely studying natural processes and their properties.
From the design viewpoint, large amounts of fibers with desirable qualities built into them are needed to construct fibrous yarns on a commercially viable scale. Biological researchers thus must be able to produce large masses of extremely high quality spider silk fibers using existing recombinant or polymer engineering technologies (Bini et al., 2006; Xia et al., 2010; Heidebrecht and Scheibel, 2013; Jastrzebska et al., 2016; Blamires et al., 2017) . We consider it imperative to set about identifying the obstacles to scaling through research that follows bottom-up and top-down approaches (exemplified by Figure 1 and discussions within Tarakanova and Buehler, 2012) .
Studies of natural spider silk variability indicate that producing silk involves a complex relationship between competing ecological cost to the animal and silk performance (Craig et al., 2000; Wilder, 2011; Blamires et al., 2012a Blamires et al., , 2015a . There is speculation among researchers as to what this cost(s) might be, including metabolic or nutritional stress (Craig et al., 2000; Guehrs et al., 2008; Blamires et al., 2012a) , but there is no clear consensus. Identifying the cost(s) is nonetheless worthy of further investigation as undue costs can adversely affect the ability to significantly scale up production of biomimetic processes (Wolff et al., 2017) .
The suppression of key nutrients and/or metabolic rates in spiders under dietary stress leads to a compromised investment in key amino acids and other building blocks of the silk proteins (Craig et al., 2000; Guehrs et al., 2008; Blamires et al., 2012a) , leading to a compromise in properties (Zax et al., 2004; Blamires et al., 2015a Blamires et al., , 2018 . It thus seems like the investment costs are most prominent and identifiable when the spider is under dietary stress . It also seems that metabolic and/or nutritional stresses are not the only factors limiting the quantity and quality of silks produced by spiders (Su and Buehler, 2016; Blamires et al., 2017) . To uncover these other limitations cross-disciplinary research utilizing a "toolbox" methodology are required to systematically assess spider metabolism, nutrition, gene expression, silk structures, and mechanical properties.
Another problem we recognize here is our general incomplete or disjointed understanding of the underlying gene and/or amino acid sequences of most of the spidroins (the technical name for silk proteins). The consequence of this is that incomplete or partially complete sequences are often used in cloning and recombinant development programs, leading to the production of significantly smaller (20-50 kDa as opposed to 200+kDa) proteins that behave differently (Rammensee et al., 2008; Liu and Zhang, 2011; Heidebrecht and Scheibel, 2013) . For instance, they coagulate at high concentrations and/or polymerize under different conditions than do full length protein sequences (Heim et al., 2009) . The recent determination of full-length spider silk genomes (e.g., Garb et al., 2019; Kono et al., 2019) provides valuable information on the size and sequence of the various spidroins, as well as insights into the way they are secreted, stored, and spun in vivo. According to Carlson's Curve (Carlson, 2010) the ability to sequence and synthesize full genomes are becoming exponentially more cost effective over time. We are accordingly confident that the opportunity to develop and utilize full length spidroin sequences will be soon realized.
Even if the full gene sequences of the spidroins that we want cloned are known, producing spidroins en mass in up to 80% concentration (as in spider silk glands; Chaw et al., 2015) , still presents an additional challenge. Recombinant technologies, i.e., the transferral of the silk genes to bacterial or yeast hosts to express the proteins, appears to be the cheapest and most reliable way to develop silk proteins (Torakeva et al., 2013) . Attaining full length recombinant spider silk proteins is nevertheless still difficult because the length and size of the various spidroins render them difficult for bacterial hosts to synthesize and secrete, and for researchers to isolate and purify in solution (Heidebrecht and Scheibel, 2013; Wolff et al., 2017) . The storage of the spidroins at high concentration facilitates the formation of micellar structures promoted by the alternating hydrophobic and hydrophilic regions across the protein terminal and core domains (Vollrath and Knight, 2001; Nova et al., 2010; Beun et al., 2014) . Nevertheless, spidroins constructed in the lab using recombinant and other technologies tend to self-assemble and/or aggregate in high concentrations rather than forming micelles in solution (Hoffmann et al., 2018) . Hence the storage capacity of laboratory synthesized spidroins is severely limited, which affects the shear stresses that the proteins experience within the spinning column, thereby hindering sol development, thus affecting the physical properties of the spun fibers (Heidebrecht and Scheibel, 2013; Wolff et al., 2017; Hoffmann et al., 2018) . Nonetheless, when solubilized in high concentration under precise pH and ionic conditions, spidroins can form liquid crystallites (Vollrath and Knight, 2001) . Knowledge of analogous processes, such as the natural bacterial production of nanocellulose fibers by Aceobacter xylinum (Iguchi et al., 2000) may accelerate the development of silk-like materials by similar means, as well as exemplifying processes to engineer the use of such materials (Song et al., 2019) .
Finally, we contemplate whether it is possible to fully recreate all of the natural production processes associated within spider silk and, if not, which ones should biomimetic programs harness (Naik and Stone, 2005) ? Evolution by natural selection modifies organismal processes over 1,000s of generations with the reproductive successes of the organism's progeny being the measure of its success. Spiders have evolved a toolkit of secretions that interact across scales; from gene expression to the formation of proteins, protein structures, fibers and, ultimately, webs and other extended phenotypes that perform specific biological functions . Accounting for all of the physiological, biochemical, and ecological processes acting preand post-spinning to affect silk performance is nonetheless not easily replicable in the laboratory (Blamires et al., 2012b) .
Biodesign is the use of organisms to enhance the function or production systems, where the border between mechanical and biological processes merge (Myers, 2014; Oxman, 2015) . The challenge is to accommodate methodologies that combine topdown design procedures with bottom-up processes. Biodesigns have proven scalable and their applications are complementary with biological principles (Speck et al., 2017) . Biodesign and biomimetic systems could then potentially be combined in a way to provide a wearables development framework based on spider silks and other high-performance natural materials.
A key aspect of scalability of fiber manufacturing processes is an understanding of the parameters needed to produce specific product attributes and developing the models to link material properties to optimized manufacture. Such models exist for synthetic polymer spinning processes (Doufas et al., 2000) and can be re-applied to silk spinning using mechanical property characterization techniques specific to the stretching flows required for fiber production (Tripathi et al., 2000) . Insights gained from such measurements will enable rapid feedback during material formation, process development, and scaled up biomanufacturing, as demonstrated by recent innovations (Boulet-Audet et al., 2019) .
The objective of our prospective research is to develop new environmentally-friendly yet robust and light-weight wearable technologies from spider silk-like fibers that we develop by combining biomimetics research programs with a biodesign framework. This objective is ambitious, but we believe it is achievable utilizing the multidiscipline research toolbox approach. We thus provide some speculative examples about how current research projects in the Spider Silk Research Lab might proceed to the development of new wearable technologies.
Example 1: We recently found the dry cribellate capture silk of the Tasmanian cave spider, Hickmania troglodytes, to combine hydrophobic and hydrophilic properties that vary in a multitude of ways both as the spider ages and across habitats. We speculate that a closer examination of the biological mechanisms facilitating the hydrophobic-hydrophilic switching in this type of silk will make it possible to biomimetically engineer silk-like fibers woven into microencapsulated white graphene to provide an on-off switch for the incorporation in smart celluloses and other wearable fibers and fabrics.
Example 2: Our work on the optical properties of spider dragline silk has shown that the silk's textured surface and crystalline structures primarily influences its colouration (Blamires et al., 2019) . Examining the surface features of the silk more closely might thus enable us to copy the fibers' surface textures to create chromogenic fabrics incorporating micro-scale weave structures and knots to create unique colourations without using dyes or pigments.
Example 3: We know that the flexibility and toughness of spider dragline silk are adaptive across a web or fiber, and can be tailored to suit a particular purpose. Accordingly, an engineered material that can replicate the selective flexibility of spider silk may be a useful "smart" material that can vary in property and compliance across environments. Since human skin needs to adapt its functionality across the human body, a deeper investigation of dragline silk's variability across environments might facilitate the development of more biocompatible synthetic skins, skin grafts, garments, patches, threads, biomembranes, or buttresses (Foo and Kaplan, 2002; Scheibel, 2004; Lee et al., 2007) .
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